Abstract-In-phase and Quadrature-phase (I/Q) imbalance is a major performance-limiting impairment for directconversion Orthogonal Frequency Division Multiplexing (OFDM) transceivers. I/Q imbalance degrades the Signal-to-Noise-Ratio in an OFDM system by causing Inter-Channel-Interference (ICI) between image subcarriers. Doppler spread due to mobility also causes ICI but mainly between adjacent subcarriers. In this work, we investigate the combined effects of mobility and I/Q imbalance in a Multiple-Input-Multiple-Output-OFDM system with the Alamouti Space-Frequency Block-Coding scheme and design an effective compensation technique. Furthermore, we propose a novel pilot allocation and channel estimation scheme, and exploit the problem structure to reduce complexity.
I. INTRODUCTION
Direct-conversion or homodyne receivers are preferred over conventional heterodyne receivers for they have fewer components. This, in turn, reduces the implementation cost and RF footprint as is the case with System-on-Chip (SoC) systems. However, homodyne receivers are prone to various Radio Frequency (RF impairments) like DC offset, I/Q Imbalance, even-order distortion and flicker noise [4] . Of these, we focus on I/Q imbalance in this paper and investigate efficient digital baseband compensation algorithms to mitigate it.
Multiple-Input-Multiple-Output(MIMO)-OFDM is an effective transmission scheme to achieve high data rates in highly-frequency-selective channels, while keeping the receiver complexity within acceptable limits. Specifically, Space-Frequency-Block-Coded(SFBC-)OFDM schemes have been shown to exploit spatial and multi-path diversity in OFDM systems (see e.g. [3] ).
Supporting mobility is a key requirement in current and future wireless standards. IEEE 802.16e/m, IEEE 802.20, Digital Video Broadcast for Handhelds (DVB-H) are among the standards that must support vehicle speeds of 100 km/h and above. Such high terminal speeds cause Doppler spreads of the order of 5-20% of OFDM subcarrier spacing resulting in significant ICI and hence a performance-limiting error floor.
Models for receiver I/Q imbalance and compensation schemes for Single-Input Single-Output (SISO)-OFDM systems are presented in [5] and [6] . MIMO-OFDM with SpaceTime Block-Coding (STBC) was investigated in [7] , but it This work is supported by a gift from Texas Instruments Inc. assumes no mobility since STBC requires the channel to remain constant over adjacent OFDM symbols. Reference [1] presents an ICI mitigation scheme for SFBC-OFDM based on multi-stage non-linear interference cancelers, but it does not consider I/Q imbalance. In [12] , we proposed the model and compensation scheme for receiver I/Q imbalance with mobility. In [2] , we proposed an Alamouti-SFBC scheme which enables a desirable trade-off between performance and detection complexity. In this paper, we extend this scheme to include the effect of I/Q imbalance. To the best of our knowledge, this is the first work on efficient baseband mitigation of I/Q imbalance in MIMO-OFDM systems under high-mobility. This paper is organized as follows. Section II explains the basics of I/Q Imbalance and its modeling in OFDM systems. Section III presents the proposed SFBC-OFDM scheme and the linear block Alamouti model that results from I/Q imbalance. In Section IV, the joint linear model in the presence of both I/Q imbalance and mobility is derived. In both sections, the Minimum Mean Square Error (MMSE) receiver is derived. Section V discusses channel estimation issues and spectrallyefficient pilot schemes. A method to reduce detection complexity is presented in Section VI and simulation results are presented in Section VII. Section VIII concludes the paper.
Notation: Boldface upper-case (A) denotes a matrix and Boldface lower-case (a) denotes a vector. (·)
H denotes the Hermitian of a matrix or vector, (·) * denotes the conjugate of a matrix, vector or scalar, and (·)
T denotes the transpose of a matrix or vector. N is the size of the Discrete Fourier Transform (DFT). F is the unitary DFT matrix whose (n, k)th entry is given by 
II. I/Q IMBALANCE IN OFDM SYSTEMS
Direct-conversion receivers bring the RF signal down to baseband by quadrature mixing. When f c is the carrier frequency, this involves multiplying the RF signal with cos(2πf c t) and − sin(2πf c t) followed by low-pass filtering each of the resulting signals to obtain the I and Q components, respectively, of the transmitted signal. In a practical receiver, there is typically a mismatch between the I and Q branches resulting in components a I cos(2πf c t − θ 2 ) and −a Q sin(2πf c t + θ 2 ), where a I is the amplitude of the Ibranch, a Q is the amplitude of the Q-branch and θ is the phase imbalance. Following [5] and [6] , we can write the resulting baseband signal in the presence of mismatch as
where z(t) and y(t) are, respectively, the time-domain received signals before and after I/Q imbalance. With the defintion α = aI −aQ aI +aQ , the scalars μ and ν can be shown to be
From Equation (1), we can see that I/Q imbalance results in cross-coupling between a signal and its conjugate, each scaled by a different parameter. After sampling, the received signal with I/Q imbalance is given by
where H is the channel matrix, x t is the transmitted timedomain signal vector and v t is the time-domain noise vector. In the frequency domain, I/Q imbalance amounts to addition of the scaled signal to its scaled spectral image. Performing the DFT on (2) results in 
III. I/Q IMBALANCE IN SFBC-OFDM
The SFBC-OFDM scheme we consider in this paper is similar to the one we proposed in [2] , but modified to account for the symmetry considerations that arise due to I/Q Imbalance. A super-block structure is used as shown in Fig Chunks of D pilots help avoid subcarrier leakage across super-blocks and groups within the same super-block. D increases with Doppler spread and hence the overhead. Also we note that the pilot overhead per super-block is D L , which decreases with large L. However, the largest allowable value of L is limited by the coherence bandwidth of the channel.
: As noted in Section II, the effect of I/Q imbalance is to cause interference between image subcarriers with indices k and (N − k + 2). Therefore, we arrange the Alamouti superblocks of [2] in such a manner that every super-block coincides with a corresponding image super-block, i.e., a super-block that spans the
One such image super-block pair is shown in Fig. 1 . We use the following notation:
• g l,l (p, q, k) denotes the channel impulse response at the l-th subcarrier of the k-th super-block from the q-th transmit antenna to the p-th receive antenna. We consider only one receive antenna and hence drop the index p. • x l (k) is the l-th transmit symbol of the k-th superblock. There is a total of 2L distinct symbols
is the l-th received symbol of the k-th super-block before I/Q imbalance.
• z l (k) is the l-th received symbol of the k-th super-block after I/Q imbalance.
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In super-block k, the symbols from the two antennas at subcarrier l and the symbols from the two antennas at subcarrier (l + L + D) constitute one Alamouti code block. We can write
thus resulting in the familiar Alamouti structure. Due to I/Q imbalance, the symbol pair {y 2l−1 (k), y 2l (k)} in superblock k interferes with the corresponding image symbol pair {y 2l−1 (m), y 2l (m)} of super-block m after being scaled by the μ and ν factors. These operations can be summarized in the following equations
which can be written in a compact matrix representation given by (4). The Minimum Mean Square Error (MMSE) estimate of x l (k, m) is given bŷ
where σ 2 is the noise variance. This involves inversion of a 4× 4 matrix which can be simplified by exploiting the Alamouti block structure as shown in [7] .
IV. MODELING OF I/Q IMBALANCE WITH MOBILITY
The equivalent frequency-domain channel matrix for the proposed SFBC under mobility can be represented by a banded block structure where each block is an Alamouti codeword [2] . In the presence of both I/Q imbalance and mobility, it can be shown that the banded block structure still holds but the blocks are similar to G l,l (k, m) in (4) . Generalizing the definition of g from Section II, g i,j (p, q, k) now represents the mobilityinduced frequency-domain coupling between subcarriers i and j, while the meaning of the other indices remains the same.
With this generalization, we could define G i,j (k, m) whose entries are g i,j (p, k) scaled by μ or ν and p = 1, 2. Then, for each super-block pair (k, m), we can write
. .
where the (k, m) indices for the blocks have been omitted for brevity. But for Doppler spreads of up to 20% of the subcarrier spacing, it is enough to consider only the leakage of a subcarrier to its neighbors [8] . Therefore, in G(k, m) of (8), all blocks G i,j (k, m) with |i − j| > 1 can be set to zero-matrices of appropriate dimensions. This results in a banded block structure of size 4L × 4L which reduces the system complexity significantly. However, the required matrix inversion is still costly for large L. Therefore, similar to the approach in [8] , the banded structure could be exploited to design an FIR-MMSE equalizer using the L sub-systems shown below
In each sub-system l,z l (k, m) provides the sufficient statistic to detect x l (k, m). The MMSE estimate is given bŷ
whereg l (k, m) is the middle block-column ofG l (k, m). Techniques to reduce the complexity of the 12 × 12 matrix inversion in (10) are discussed in Section VI.
V. CHANNEL ESTIMATION AND PILOT PATTERN
First, the estimation problem is considered without mobility. This involves estimating G l,l (k, m)'s of (4). To facilitate the This full text paper was peer reviewed at the direction of IEEE Communications Society subject matter experts for publication in the IEEE "GLOBECOM" 2008 proceedings.
estimation, similar to the approach followed in [6] , Equation (4) is rewritten as
where
. The quantities z l,m , X l,m and g l,m are defined in a similar manner with the k's replaced by m's. Equation (11) is a system of four equations with eight unknowns. To obtain four more equations, the pilot pattern in Fig. 2 is considered. super-block
There are two pilot Alamouti blocks in each super-block highlighted in Fig. 2 by gray and black strips. The gray pilots constitute four equations and the black pilots constitute another four equations. Since the gray and black pilots are placed on adjacent subcarriers, the channel frequency responses for them could be considered the same, resulting in
We can see that the coefficient matrix in (12) has repeating blocks of the matrix
. Choosing orthogonal pilots would yield the lowest channel estimation error variance [10] , and constraining the pilots to be binary for implementation simplicity, a good choice for S k,m would be the Walsh-Hadamard matrix. To reduce the pilot overhead by a factor of two, define η = μ ν * . This enables us to rewrite (11) as follows
Given the knowledge of the ratio η, only four equations and hence four pilots are sufficient to obtain the channel estimate. Therefore, the gray pilots in Fig. 2 could be replaced with data. At least, one or two symbols in a frame (say, preamble and/or postamble) could be filled with both gray and black pilots so that u l (k, m) of (12), and hence the ratio η, could be estimated. One estimate of η could be obtained by dividing the first element by the second element of u l (k, m) and another estimate by dividing the third by the fourth. Moreover, we have several systems (12) giving several estimates of η. In order to combine these estimates, we use the following procedure. Suppose there are P estimates of η, say {η p } 
VII. SIMULATION AND RESULTS
In our simulations, we consider a 5 MHz, 512-subcarrier OFDM system operating at 2.5 GHz adopting one of the profiles of the WiMAX standard. The SFBC Alamouti code with two transmit antennas and one receive antenna as described in Section III was implemented. The channel model used was Stanford University Interim-3 (SUI-3) simulated with Jakes model for mobility. The delay-spread for this model is 1μs and hence the coherence bandwidth would cover about 100 subcarriers. A value of L = 6 was safely chosen so that the pilot density is same as that of "Partial Usage of subcarriers (PUSC)" subcarrier allocation scheme of WiMAX. Bit Error Rate (BER) performance results were evaluated for 4-QAM and 16-QAM constellations with rate-1 2 convolutional code ([177,133] ) and random interleaving ('randintrlv' command of MATLAB). For 4-QAM results, the impairment parameters were chosen to be α=1 dB (≈70% amplitude imbalance), θ = 2
• and a normalized Doppler spread of 5% (corresponding to 235 km/h vehicle speed). For 16-QAM, the I/Q imbalance parameters used are the same but the Doppler was 2.3% (corresponding to a 100 km/h vehicle speed).
BER performance results are shown for 4-QAM and 16-QAM in figs. 3 and 4 respectively. With compensation, the error floor has been clearly removed. Compensation with perfect channel information results in performance very close to the no impairments case. Also, we have shown the performance curves for compensation with estimated channel information. Performance degradation due to channel estimation is graceful as is evident from the curves.
VIII. CONCLUSION
In this paper, we proposed a new SFBC-OFDM scheme designed for doubly-selective channels with I/Q imbalance at the receiver. We derived a linear model for the proposed scheme in the presence of these impairments and compensated for them digitally at baseband using an FIR-MMSE linear equalizer structure with Q = 3. The banded block Alamouti structure of the equivalent frequency-domain channel matrix was exploited to reduce computational complexity of the equalizer. We also derived a pilot scheme and channel estimation procedure for the proposed compensation scheme. Simulation results show a considerable improvement in performance and mitigation of the error floor.
